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Abstract
We report the detection of vertically extended far-ultraviolet (FUV) and near-UV emissions in an edge-on
spiral galaxy NGC 891, which we interpret as being due to dust-scattered starlight. Three-dimensional radiative
transfer models are used to investigate the content of the extraplanar dust that is required to explain the UV
emission. The UV halos are well reproduced by a radiative transfer model with two exponential dust disks, one
with a scaleheight of ≈ 0.2 − 0.25 kpc and the other with a scaleheight of ≈ 1.2 − 2.0 kpc. The central face-on
optical depth of the geometrically thick disk is found to be τ thickB ≈ 0.3 − 0.5 at B-band. The results indicate
that the dust mass at |z|> 2 kpc is ≈ 3 − 5% of the total dust mass, which accord well with the recent Herschel
sub-millimeter observation. Our results, together with the recent discovery of the UV halos in other edge-on
galaxies, suggest the widespread existence of the geometrically thick dust layer above the galactic plane in
spirals.
Subject headings: galaxies: halos — dust, extinction — radiative transfer — ultraviolet: galaxies
1. INTRODUCTION
The three-dimensional structure and the amount of dust
in galaxies are of great importance in understanding galaxy
evolution processes such as star formation. The dust con-
tent has been inferred from the radiative transfer models
of the dust attenuation in optical/near-infrared (NIR) im-
ages of edge-on galaxies (Kylafis & Bahcall 1987; Byun et al.
1994; Kuchinski et al. 1998; Xilouris et al. 1997, 1998, 1999;
De Looze et al. 2012). The absorbed energy by dust is re-
emitted in far-IR (FIR)/sub-millimeter (submm) wavelengths,
and thus FIR/submm observations provide another way to de-
rive the dust content. However, it has been revealed that the
spectral energy distribution (SED) in FIR/submm requires at
least a dust mass twice as large as estimated from the ra-
diative transfer model of optical/NIR images (Popescu et al.
2000; Misiriotis et al. 2001; Bianchi 2008; Baes et al. 2010;
De Looze et al. 2012). To resolve the discrepancy, an extra
dust mass in the form of a secondary thin disk + clumpy dust
clouds associated with molecular clouds that was supposed
to be hidden in optical images was introduced (Popescu et al.
2000; Tuffs et al. 2004; Misiriotis et al. 2004; Bianchi 2008;
Popescu et al. 2011).
We note that the previous radiative models assumed the ge-
ometrically thin dust disk that is concentrated in the galactic
midplane (z = 0). It may therefore be worthwhile to exam-
ine an additional dust component that is existing in a form
different from the thin disk. In fact, there have been vari-
ous attempts to investigate the existence of dust residing out-
side the galactic plane. Filamentary dust structures above the
galactic plane have been observed up to |z|. 2 kpc in nearby
edge-on spiral galaxies using high-resolution optical images
(Howk & Savage 1997; Alton et al. 2000a; Rossa et al. 2004;
Thompson et al. 2004). The extraplanar dust filaments were
found to contain too small an amount of dust (∼ 1 − 2% of
the total dust mass) to be considered as the additional dust
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component (Popescu et al. 2000). The filamentary features,
however, were traced in absorption against the background
starlight, thereby implying preferentially “dense” dust fea-
tures visible only to heights limited by the vertical extent of
the background starlight. Therefore, “diffuse” dust compo-
nent above the galactic plane was not traceable in the studies.
We searched the diffuse extraplanar dust based on the fact
that the dust should appear as a faint extended reflection neb-
ula illuminated by starlight. The scattered light would not be
easily distinguished from direct starlight when the scaleheight
of the light source is greater than or comparable to that of
the extraplanar dust. Therefore, far-ultraviolet (FUV) and/or
near-UV (NUV) observation of edge-on galaxies can provide
the best method for detecting the scattered light from the
diffuse extraplanar dust, because OB stars, the main source
of the UV continuum, have a scaleheight < 0.2 kpc and
have no bulge or halo component. We thus examined the
UV data of the edge-on galaxies obtained from the Galaxy
Evolution Explorer (GALEX) mission. The discovery of the
UV halos due to the diffuse dust existing above the galactic
plane of NGC 891 was first reported in Seon & Witt (2012a).
Hodges-Kluck & Bregman (2014) describe the discovery of
the UV halos around many galaxies, including NGC 891. In
this Letter, we use a radiative transfer model to study the con-
tent of the extended UV emission in NGC 891.
2. DATA ANALYSIS
We used the archival FUV and NUV data set
“GI2_019004_3C66B_22013” of the GALEX mission
(Morrissey et al. 2007) to study the diffuse extraplanar dust
of the most studied nearby edge-on spiral galaxy NGC 891.
Fig. 1 shows the FUV and NUV images and contours,
together with the radial and vertical intensity profiles of NGC
891. Foreground bright stars were masked in the images. It is
clear that the FUV and NUV emissions are extended not only
along the major axis, but also in the direction of the minor
axis. The NUV image is more extended than the FUV image
along the major axis. The backgrounds were subtracted as in
the following paragraph. We note a large asymmetry between
the northeast (NE; x < 0; left) and the southwest (SW; x > 0;
right) sides at the midplane, which has been noted also in H I
(Oosterloo et al. 2007), Hα (Rand et al. 1990), and optical
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Figure 1. GALEX maps and intensity profiles of NGC 891. The images were rotated such that the major axis of the disk is horizontal and scaled as asinh.
Contour levels correspond to I = 250, 450, 700, 1000, 1500, 2500, 4000, and 7000 photons cm−2 s−1 sr−1 Å−1(continuum unit; CU) above the background
intensity. The contours were made after smoothing the images by a Gaussian function with full width at half maximum (FWHM) of 10 pixels (corresponding
to 0.7 kpc). However, the displayed images were not smoothed. Concentric contours and white regions are artifacts due to the masking of foreground stars. A
distance of 9.5 Mpc to NGC 891 was assumed. Black solid lines represent the observed profiles. The red curves are the best-fit two-exponential functions for the
vertical profiles. The vertical profiles were obtained by averaging over the whole disk and the radial profiles over |z|< 5 kpc.
images (Xilouris et al. 1998). The asymmetry is consistent
with the idea of a trailing spiral structure with the dust
behind OB stars and the fact that the SW side is the receding
side (van der Kruit & Searle 1981; Kamphuis et al. 2007).
Therefore, the starlight from the SW side would have been
almost completely obscured by the dust. The FUV emission
is more radially extended in the SW side than in the NE side.
The vertical profiles show a core and an extended tail. In
addition, the vertical features show general correlations with
star forming regions in the midplane. The north (z > 0) side
from the midplane is more vertically extended than the south
(z < 0) side in both wavelength bands. The tail component
of the north side flattens while in the south side becomes less
extended. However, the excess at z & 6 kpc is not statistically
significant.
We fitted the average vertical intensity profiles over the
whole disk with two exponential functions and a constant,
and then subtracted the best-fit backgrounds from the data.
The background levels were estimated ∼ 1465 and ∼ 1995
photons cm−2 s−1 sr−1 Å−1 (continuum unit, hereafter CU) for
the FUV and NUV data, respectively. The background val-
ues are consistent with those of Gil de Paz et al. (2007), which
were estimated by using the data set with less exposure time.
The UV background in our Galaxy is mostly caused by the
dust scattering of starlight (Witt et al. 1997; Seon et al. 2011;
Hamden et al. 2013). Using Eq. (10) of Seon et al. (2011),
which were derived from the FUV background observation of
our Galaxy, we obtain the FUV background of ∼ 1400 CU at
the Galactic latitude of NGC 891. Therefore, the estimated
background is consistent with the FUV background observa-
tion.
The average vertical profiles over the whole disk are well
fitted by 4.4e−|z|/0.29 + 1.4e−|z|/1.91 (×103) and 2.3e−|z|/0.26 +
3.3e−|z|/1.43 (×103) CU for the FUV and NUV data, respec-
tively. The best-fit profiles are shown in Fig. 1. We note that
the point spread function (PSF) of GALEX is approximately
Gaussian with an extended wing at large radii. However, the
extended wing is too small to account for the extended UV
profile. The full width at half maximum (FWHM) of the PSF
is ∼ 4.2′′ and ∼ 5.3′′ for the FUV and NUV bands, respec-
tively, corresponding to 0.19 and 0.24 kpc at the distance
to NGC 891 (Gil de Paz et al. 2007; van der Kruit & Searle
1981; Morrissey et al. 2007), and thereby the true scale-
heights of the core components should be smaller than the
best-fit values.
3. RADIATIVE TRANSFER MODEL
To find the dust distribution, radiative transfer models of the
dust-scattered FUV radiation were calculated using a three-
dimensional Monte-Carlo simulation code (Lee et al. 2008;
Seon 2009; Seon & Witt 2012b, 2013). The code models
multiple scattering of photons and use a scheme that includes
“forced first scattering” to improve the calculation efficiency
in optically thin medium and a “peeling-off” technique to pro-
duce an image toward the observer.
The radiative transfer calculations adopt smooth axisym-
metric models for the dust and illuminating starlight. We as-
sume that both the stars and the dust are exponentially dis-
tributed not only in the direction perpendicular to the galactic
plane but also in the radial direction. The models with a sin-
gle exponential dust disk were obviously not able to produce
the vertical profile of the data. The extended tails in the ver-
tical profiles suggest a geometrically thick dust component.
Therefore, we added one more exponential dust disk. Then,
the extinction coefficient due to two exponential dust disks is
given by
κ(r,z) =κthin0 exp
(
−
r
hthind
−
|z|
zthind
)
+κthick0 exp
(
−
r
hthickd
−
|z|
zthickd
)
,
where r and z are cylindrical coordinates. Here, hthind and zthind
are the scalelength and scaleheight of the geometrically thin
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Figure 2. Best-fit parameters versus τ thickB for each model type. From left to right panels are shown the scaleheights (zthickd , zthind , zs) of the dust and stellar
disks, the scalelength (hs) of stellar disk, the maximum radial extents (Rd , Rs) of the dust and stellar disks, and the star formation rate inferred from the stellar
luminosity. Black, red and blue colors represent the model types that assume τ thinB = 0.9, τ totB = 2.6, and τ totB = 4, respectively.
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Figure 3. Same as Figure 2, but for the NUV data
dust disk, respectively, and hthickd and zthickd of the geometrically
thick disk. κthin0 and κthick0 are the extinction coefficients at the
center of disks. The central optical depth of the model galaxy
seen face-on is then given by τ = τ thin + τ thick = 2κthin0 zthind +
2κthick0 zthickd . The starlight is given by
I(r,z) = I0 exp
(
−
r
hs
−
|z|
zs
)
,
where hs and zs are the scalelength and scaleheight of the
young stars, respectively. The stellar disk was truncated at
Rs, and the dust disks were truncated at Rd along the radial
direction. Anisotropy parameters and albedos at the FUV
and NUV wavelengths were adopted from the Milky Way
dust properties (Draine 2003). The instrumental PSFs were
then convolved with the models. Because our models are az-
imuthally symmetric, we folded the observed images about
the minor axis, as in Xilouris et al. (1997, 1998, 1999), so that
the fitted galaxy is an average of the left and right halves of
the galaxy.
We attempted to perform a detailed parameter fit to the
data through the χ2 minimization technique. However, the
model parameters could not be constrained simultaneously.
We therefore adopted the spatial distribution of a thin dust
disk similar to the results of Xilouris et al. (1998, 1999). As
the thick disk seems to be closely related to the activities in
the galactic plane, the thick disk was assumed to have the
same scalelength as the thin disk, i.e., hthind = hthickd = 8 kpc.
We also assumed the inclination angle θ = 89.8◦ and a dis-
tance of 9.5 Mpc to NGC 891 (van der Kruit & Searle 1981;
Xilouris et al. 1998).
Three kinds of models were attempted. In the first type, the
face-on optical depth for the thin disk is assumed to be τ thinB
= 0.9 in B-band (τ thinFUV = 1.8 in FUV-band), motivated by the
optical observations (Xilouris et al. 1998, 1999). However,
the FIR/submm observations require the total optical depth
of τ totB ∼ 2.6 (Bianchi 2008) or ∼ 4.0 (Popescu et al. 2000),
depending on how the hidden dust component is modeled.
The new submm data of Herschel/SPIRE also indicates that
τ totB ∼ 4 (Bianchi & Xilouris 2011). Therefore, we considered
two more types of models by fixing the total optical depth
τ totB ≡ τ
thin
B + τ
thick
B to 2.6 (second model type) and 4 (third
type). We then varied the optical depth of the thick disk τ thickB
from 0.1 to 1.2 in steps of 0.05 or 0.1. Finally, the best-fit val-
ues of seven free parameters were obtained for each τ thickB : the
scaleheights (zthind , zthickd and zs) and the maximum extents (Rd
and Rs) of the dust and stellar disks, the scalelength (hs) of the
stellar disk, and the stellar luminosity. The resulting best-fit
parameters versus τ thickB are shown in Figures 2 and 3 for the
FUV and NUV data, respectively. In the figures, the stellar
luminosities in the UV bands were converted to steady-state
star-formation rates (SFRs), based on a calculation using the
stellar synthesis code “starburst99” (Leitherer et al. 1999). In
the calculation, the Salpeter initial mass function was adopted.
zthickd and hs for the NUV data are smaller than those of the
FUV data, while zs is larger for the NUV data. The first model
type gave relatively larger values for hs and Rd than the other
types. In general, the first model type yielded slightly bet-
ter fits to the data than other types. The FUV data were bet-
ter reproduced than the NUV data. The maximum extent of
the dust disks was always larger than that of the stellar disk.
When the radial extents of the thin and thick dust disks were
separately varied, the maximum extent of the thick disk was
always larger than that of the thin disk. Assuming that zthind
is smaller than zs gave a strong dust absorption lane at the
galactic plane. Therefore, zthind was always larger than zs.
For the FUV data, the best-fits were obtained at τ thickB =
0.45, 0.5 and 0.5 in the first, second, and third model types,
respectively. The best-fits for the NUV data were found at
τ thickB = 0.35 regardless of the model type. However, we found
that the first type models with τ thickB ∼ 0.3 − 1.0 reproduce the
FUV data and the models with τ thickB ∼ 0.2 − 0.9 explain the
NUV data very well. In the case of the second and third types,
the models with τ thickB ∼ 0.3 − 0.8 and τ thickB ∼ 0.25 − 0.5 also
matched the FUV and NUV data, respectively, very well. The
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Figure 4. Comparison of the best-fit models with τ totB = 2.6 and the observed data. Two left panels show the results for the FUV data. Two right panels show
the results for the NUV data. First and third columns in second row show the vertical profiles, and second and fourth columns represent the radial profiles. Red
curves in the vertical and radial profile panels are the profiles of the best-fit models. Profiles were scaled by the denoted factors and shifted arbitrarily.
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Figure 5. Same as Figure 4, but for the best-fit models with τ totB = 4.0.
optical depth of the thick disk is thus constrained to a range of
τ thickB ≈ 0.3−0.5, as denoted by shade regions in Figures 2 and
3. We note that the scaleheight of zthickd < 1.2 obtained from
the NUV data, as shown in Figure 3, gave relatively worse fit
to the FUV data. Therefore, the same optical depth range of
the thick disk is required even for the first type to explain the
FUV and NUV data simultaneously.
In summary, the models with τ thickB ≈ 0.3 − 0.5, zthickd ≈
1.2 − 2.0 kpc, zthind ≈ 0.2 − 0.25 kpc, and zs ≈ 0.08 − 0.10 kpc
reproduce the UV images of NGC 891 very well. Figures
4 and 5 compare the best-fit models with τ totB = 2.6 and 4.0,
respectively, and the observed data. In general, the models
overpredict the vertical profile in the central region (|x| < 4
kpc) and underpredict in the intermediate region (4 < |x| < 8
kpc), indicating that the real dust distribution is not smooth.
The scalelengths of stars are known to increase from the
K- to the B-band in not only edge-on galaxies (Xilouris et al.
1998) but also face-on galaxies (de Jong 1996). However, the
stellar scalelengths in the UV-bands are found to be smaller
than those in the V- and B-bands. The stellar scalelength in
the FUV band (hs ≈ 5 kpc) is larger than that in the NUV band
(hs ≈ 4 kpc).
4. DISCUSSION
Two exponential (geometrically thin + thick) dust disks
were needed to represent the vertically extended UV emis-
sions of NGC 891. The optical depth of the thick dust disk
was found to be τ thickB ≈ 0.3 − 0.5, corresponding to about half
of the value inferred in the optical/NIR observations. We note
that about half of the dust amount in the thick disk is located
near the central plane (z . 1 kpc). Therefore, the thick disk
can hide completely from the radiative transfer models of op-
tical/NIR images when only a single dust disk is assumed.
The brightness of the UV scattered light depends not only
on the amount of dust in the halo, but also on the flux of UV
light coming from the galactic plane incident onto the halo.
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Our models adjust the stellar luminosity such that the edge-
on surface brightness of the model matches the observed sur-
face brightness. As the optical depth of the thin disk was in-
creased, the fraction of the UV flux incident onto the halo was
decreased while the stellar luminosity was increased. More-
over, the scaleheight of the thick disk was increased, as shown
in Figures 2 and 3. This resulted in a well constrained range
of the optical depth of the thick disk regardless of the model
type. We also note that the SFR estimated from the FUV data
in the third model type is ≈ 3 − 4 M⊙yr−1, which is consistent
with the results of Popescu et al. (2000) and Bianchi (2008).
However, the SFRs obtained with the NUV data are about
twice higher. Better understanding on the UV halo would be
obtained through radiation transfer modeling that simultane-
ously considers the full UV-to-submm emission from all geo-
metrical components of dust and stellar emissivity.
The possibility of the diffuse extraplanar dust was also
investigated by searching the vertically extended submm
emissions in SCUBA images of NGC 891 (Alton et al.
2000a,b). Recently, Bianchi & Xilouris (2011) analyzed Her-
schel/SPIRE images of NGC 891 and placed an upper limit
of ∼ 1 MJy/sr on the excess emission above the galactic
plane beyond that of the thin, unresolved, disk. The inte-
grated excess emission over the effective solid angle of the
halo (∼ 4.6× 10−6 sr) is then ∼ 4.6 Jy, which is about 3% of
the total emission of 169 Jy at 250 µm. In our best-fit models
with τ totB = 4.0, about 3 − 5% of the total dust mass is found in
the halo above |z| > 2 kpc. Therefore, the present results are
consistent with the submm observation.
Hodges-Kluck & Bregman (2014) investigated the possi-
bility that the UV halos in late-type galaxies are caused
by stellar populations in the halos. However, they con-
clude that the dust scattering nebula model is most consis-
tent with the observations of the UV halo emission. The
scaleheight of the optical polarization pattern in NGC 891
was a few kpc (Fendt et al. 1996). If only a thin dust
layer is assumed, the polarization arising from scattering or
dichroic extinction should be very low at high altitudes, and
hence the extended polarization pattern cannot be explained
(Wood & Jones 1997). Therefore, the extended optical-
polarization most likely indicates the existence of a thick dust
disk.
We assumed the dust properties of Milky Way dust (Draine
2003). On the other hand, Hodges-Kluck & Bregman (2014)
claimed that the the halo colors and luminosities are consis-
tent with the SMC-type dust (lacking a 2175Å UV “absorp-
tion” bump), using a simple reflection nebula model. How-
ever, the SED of the scattered flux in an optically thin envi-
ronment depends only on the wavelength dependence of the
scattering efficiency of the grains. Spectrophotometric stud-
ies (Andriesse et al. 1977; Calzetti et al. 1995) of the scattered
light in reflection nebulae with normal to strong 2175Å fea-
tures in their extinction curves have demonstrated that the
2175Å bump is a pure absorption feature, having no signa-
ture in the wavelength dependence of the scattering efficiency.
Therefore, the determination of dust type in the halos does
not appear possible with only the UV scattered light data.
Panchromatic observations including the mid-IR (MIR) ob-
servations, together with a self-consistent radiative transfer
model, may be required to determine the dust type in the
halos. In fact, the vertically extended MIR continuum and
PAHs emissions were also observed in the halos of NGC 891
(Burgdorf et al. 2007) and other galaxies (McCormick et al.
2013), implying the presence of the carrier of the UV absorp-
tion bump at high altitudes.
One of the promising scenarios for the origin of
the extraplanar dust would be expulsion of dust in the
galactic plane via stellar radiation pressure and/or (mag-
neto)hydrodynamic flows such as galactic fountains and
chimneys (Howk & Savage 1997; Greenberg et al. 1987;
Ferrara et al. 1990). Hodges-Kluck & Bregman (2014) found
a correlation between the UV halo luminosity and the star for-
mation rate. A nearly linear correlation between the extrapla-
nar PAH flux and the star formation activity in the disk was
also found (McCormick et al. 2013). A large amount of dust
in the intergalactic medium (IGM) was inferred from studies
of dust reddening of background quasars by foreground galax-
ies and associated large scale structure (Ostriker & Heisler
1984; Zaritsky 1994; Aguirre et al. 2001; Menard et al. 2010).
Hodges-Kluck & Bregman (2014) reported the discovery of
the vertical UV halos in many spiral galaxies. The results, to-
gether with ours, suggest that the geometrically thick dust disk
may be common to disk galaxies. The geometrically thick
dust disk found in our study would then be an interface from
which dust is ejected from spiral galaxies to the IGM.
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